ABSTRACT: Complexes of trivalent lanthanides are well known to possess strong magnetic anisotropy which enables them to be efficient single-molecule magnets. We report here high-level ab initio calculations for [LnO], Ln=Tb, Dy, Ho, which show that divalent lanthanides can exhibit equally strong magnetic anisotropy and magnetization blocking barriers. In particular, detailed calculations predict for a [DyO] complex deposited on the h-BN surface a multilevel magnetization blocking barrier exceeding 3000 K, bringing the expected performance of single-molecule magnets to a qualitatively new level compared to the current state-of-the art complexes.
the other hand complexes with divalent lanthanide ions, although not as ubiquitous as the former, also exist in various coordination geometries. 6 Recently, the divalent state was discovered across the entire lanthanide series in compounds with the core [Cp' 3 Ln] − where Cp' = C 5 H 4 SiMe 3 . 7 The magnetic measurements have shown that some of these complexes exhibit larger magnetic moments than the corresponding trivalent lanthanides, however, none of them was found to be SMM. 8 It is of interest, therefore, to establish whether binuclear lanthanide complexes can in principle display magnetization blocking and how efficient SMM they can be in comparison to trivalent lanthanide complexes.
In complexes of trivalent terbium, dysprosium and holmium most investigated nowadays, the degree of magnetic axiality in low-lying multiplets is fully determined by the relative strength of the axial component of the crystal field. The latter is perfectly axial in diatomic complexes such as lanthanide monoxides, [LnO] + , for which all doublets arising from the crystal-field splitting of the ground atomic J-multiplet of Ln 3+ are perfectly axial while the height of the blocking barrier corresponds to the highest CF doublet. is placed according to its saturation magnetic moment (horizontal axis). The intensity of the pink lines indicates the amplitude of the average transition magnetic dipole moment in B between the connected states (see the legend in the right hand side), the square of which roughly scales with the rate of spin-phonon transition between them. [9] [10] The most intense lines outline the magnetization blocking barrier (solid red lines). with maximum 2 electrons in this space. The 2p 6 orbitals of the oxygen were always doubly occupied. This is consistent with unrestricted-DFT results, which also showed that the unpaired spins are located in the 4f and 6s shells of the lanthanide, while the oxygen contained no spin density. All attempts to include the 2p 6 shell in the active space were not successful, as they were replaced by metal's orbitals of either 4d 10 ] orbitals of the metal site, with 5d 0 shell included in RAS3 space. As in the case of neutral LnO molecules, the oxygen's 2p 6 shell was not favored in the active space because its presence was not leading to a significant lowering of the total energy; accordingly, the oxygen's 2p 6 shell was replaced by other metal's orbitals in the process of orbital optimization.
For the study of the neutral DyO deposited on the hexagonal boron-nitride (h-BN) surface, geometry optimization was carried out by non-periodic DFT calculations with ORCA quantum chemistry package, 22 using BP86 density functional, def2-TZVP basis sets for all atoms, 23 tight convergence thresholds, Grimme's atom-pairwise dispersion correction with the Becke-Johnson damping scheme (D3BJ), 24 and grid7 as computational options.
Results and Discussion.
As shown in Fig. 1 , the two low-lying groups of multiplets originate from the ground atomic 6 H term of Dy 3+ , the lower group arising from the atomic 6 H 15/2 multiplet and the higher one from the 6 H 13/2 multiplet. Given the axial symmetry of the complex the projection of the total momentum J on the Dy-O axis is exactly conserved. As a result, the ground doublet 1 ). In the case of divalent lanthanide complexes, the molecular multiplets have atomic genealogy as well, however, the order of the corresponding atomic multiplets in the spectrum differs drastically from Ln 3+ . As (Fig. 2) , which is significantly smaller than the spin-orbit separation of the atomic multiplets. Table S3 ) due to much weaker crystal field as discussed above. As the last column in Tables S1-S3 shows, the calculated energies of the multiplets compare well with available spectroscopic data, 16 giving confidence to the conclusions drawn from the present theory.
In order to assess the magnetization blocking capability of investigated complexes, we apply a methodology allowing to estimate the relative strength of spin-phonon relaxation rates (Fig.   1) . 9, 10, 26 Figures 3, 4 and 5 show that, in full analogy with [DyO] + (Fig. 1) , the barrier of magnetization blocking outlines the relaxation path connecting all doublet states arising from the ground atomic multiplet. This is so even in the case when the group of levels belonging to the ground atomic multiplet overlaps with the states from the excited atomic multiplet as in [TbO] and
[DyO] (Figs. 3 and 4) . Ultimately, this is a consequence of the common anisotropy axis in all doublet states, which precludes transition between m J states differing by more than a unity. 9 We can conclude from Figs. 3-5 that the height of the barriers of investigated divalent complexes is comparable to the trivalent lanthanide monoxides (Fig. 1) . However, at variance to the latter, the If the high-lying electron would reside in 5d instead of 6s orbital, the increase of magnetic moment would be smaller due to an opposite orientation of unquenched orbital momentum to the spin of the electron required by spin-orbit coupling in the 5d shell. This conclusion is general for arbitrary complexes of divalent lanthanides.
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Finally, we have studied the magnetization blocking of a neutral [DyO] deposited on the hexagonal boron-nitride (h-BN) surface. This substrate was recently used for the investigation of magnetization blocking of adsorbed Co ions. 25 The geometry optimization was carried out with DFT, as described above, for a fragment of h-BN layer with saturated dangled bonds and deposited DyO unit. Fig. 6a shows the optimized structure of the DyO@h-BN. Predicted bonding energy of the deposited molecule to the h-BN surface is 2.3 eV (53.5 kcal/mol). The DyO lies on the surface along the B-N bond, the corresponding atoms being shifted slightly out of the h-BN plane. Fig. 6b shows the calculated blocking barrier for the reversal of magnetization of DyO@h-BN. The ab initio calculated low-lying molecular Kramers doublets of DyO@h-BN are shown in Fig.   6b and Table S4 . One can see that the height of the obtained magnetization blocking barrier still exceeds 2000 cm -1 , matching those for isolated diatomic lanthanide complexes in Figures 3-5, despite the substantial non-axial contribution to the crystal field of Dy(II) ion provided by the substrate due to the "horizontal" alignment on the DyO unit to the surface. We want to emphasize that the present calculations are more accurate compared to the previous treatment of [DyO] + deposited on a MgO surface, 26 where the geometry optimization was not complete and the CASPT2 step was not done. In this respect, the result in Fig. 6b is really remarkable because it testifies via realistic calculations the possibility to achieve very high magnetization blocking barriers, exceeding twice the barriers of the best reported SMMs, 15 for structurally robust [DyO] unit exhibiting in addition substantial adsorption energy to the surface.
This finding seems to be important for two reasons. 
